While seeking a new host cell, obligate intracellular parasites, such as the protozoan Toxoplasma gondii, must be able to endure the stress of an extracellular environment. The mechanisms Toxoplasma use to remain viable while deprived of a host cell are not understood. We have previously shown that phosphorylation of Toxoplasma eukaryotic initiation factor-2α (TgIF2α) is a conserved response to stress. Here we report the characterization of Toxoplasma harboring a point mutation (S71A) in TgIF2α that prevents phosphorylation. Results show that TgIF2α phosphorylation is critical for parasite viability because the TgIF2α-S71A mutants are illequipped to cope with life outside the host cell. The TgIF2α-S71A mutants also showed a significant delay in producing acute toxoplasmosis in vivo. We conclude that the phosphorylation of TgIF2α plays a crucial role during the lytic cycle by ameliorating the stress of the extracellular environment while the parasite searches for a new host cell.
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Apicomplexa | toxoplasmosis | stress | translation control | eIF2 P arasites that have adapted to live and replicate within another cell benefit from abundant resources, protection from host immunity, and shelter from therapeutic agents. As the demands of the parasites exceed what the host cell can supply, the parasites must find a new host cell, a journey that can leave them vulnerable to nutrient deprivation and environmental stresses. Protozoa in the phylum Apicomplexa are parasites that require a eukaryotic host cell to replicate. Toxoplasma gondii is one such obligate intracellular parasite, capable of using virtually all warm-blooded vertebrates as host organisms (1) . Acute Toxoplasma infection can cause spontaneous abortion or congenital birth defects, as well as severe disease in immunocompromised patients.
The lytic cycle of Toxoplasma tachyzoites consists of discrete stages: adherence to a host cell, invasion, replication, exit from host cell (egress), and movement to a new host cell (2) . Tachyzoites remain viable for only a limited time outside of the host cell; the ability of freshly egressed parasites to infect a new host cell monolayer drops significantly between 6 and 12 h of exposure to the extracellular environment (3) . The mechanisms the parasite may invoke to cope with the extracellular environment while it searches for a new host cell are not known.
A well-characterized stress response pathway conserved in eukaryotic cells involves translational control by virtue of the phosphorylation of the α subunit of eukaryotic initiation factor-2 (eIF2α) (4, 5) . eIF2-GTP escorts Met-tRNA i to the translational machinery for eventual placement into the P-site of ribosomes (5); however, when phosphorylated at a regulatory serine (serine-51), eIF2 becomes an inhibitor of its guanine nucleotide exchange factor, eIF2B. Consequently, global translation initiation is dampened, decreasing the synthesis of the current proteome so the cell can conserve energy and reprogram gene transcription to remedy the stress (6) . Four eIF2 kinases have been identified in mammals that phosphorylate eIF2α in response to stress (4, 6) : haem-regulated inhibitor (HRI) (EIF2KA1), which responds to heme deficiency and oxidation stress; double-stranded RNA-dependent protein kinase (PKR) (EIF2KA2), which is involved in antiviral defenses; pancreatic eIF2α kinase/PKR (RNA-dependent protein kinase)-like ER kinase (PEK/PERK) (EIF2KA3), which is activated by endoplasmic reticulum (ER) stress; and general control non-derepessible-2 (GCN2) (EIF2KA4), which responds to nutrient deprivation. We identified and characterized an eIF2α ortholog in Toxoplasma (TgIF2α), as well as four TgIF2α kinases (TgIF2K-A through -D) (7, 8) . Whereas TgIF2K-C and -D are most closely related to GCN2, TgIF2K-A is localized to the parasite ER and likely mediates the activation of the unfolded protein response analogous to PEK/ PERK (8) . TgIF2K-B is a unique eIF2 kinase that is not compartmentalized and likely responds to cytoplasmic stresses. Homologs of GCN2 (PfeIK1) and TgIF2K-A (PfPK4) have also been described in Plasmodium (malarial) parasites (9, 10) .
The importance of eIF2α phosphorylation in translational control in the adaptive processes to stress has been determined in yeast and mammalian systems by allelic gene replacement involving substitution of alanine for the serine-51 phosphorylation site in eIF2α (S51A) (11) (12) (13) (14) . In this study, we engineered mutant parasites incapable of phosphorylating eIF2α by substituting alanine for the regulatory serine (Ser-71) in TgIF2α. TgIF2α-S71A mutant parasites have decreased viability in vitro and are less virulent in a mouse model of infection. The underlying mechanism for the growth defect does not involve parasite attachment, invasion, replication, egress, or motility but rather is centered on the inability of the TgIF2α-S71A mutant parasites to manage the stress of an extracellular environment. These results provide significant insights into how intracellular parasites survive while they attempt to locate a new host cell.
Results
Generation of Mutant Toxoplasma That Are Incapable of Phosphorylating TgIF2α. We previously characterized the Toxoplasma eIF2α ortholog (TgIF2α), which possesses the conserved regulatory serine residue (Ser-71) that is phosphorylated during cellular stress (7) . To access the impact of TgIF2α phosphorylation in Toxoplasma tachyzoites, we generated a mutant parasite line in which the Ser-71 residue of TgIF2α was substituted to alanine. The TgIF2α-S71A mutation was created by allelic replacement using homologous recombination in RHΔKu80 parasites (15, 16) . RHΔKu80 parasites were transfected with a "knock-in" construct that contained a point mutation encoding the S71A substitution along with a minigene encoding chloramphenicol resistance (Fig. Author contributions: B.R.J., R.C.W., and W.J.S. designed research; B.R.J. and S.F.Q. performed research; B.R.J., S.F.Q., R.C.W., and W.J.S. analyzed data; and B.R.J., R.C.W., and W.J.S. wrote the paper.
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1007610107/-/DCSupplemental. 1A). The point mutation generated a unique MscI restriction site in the TgIF2α genomic locus, which was used as a means to select true allelic replacements among the chloramphenicol-resistant clones. The screening was performed by amplifying a fragment of the first exon in the TgIF2α genomic locus and cutting the amplicon with MscI. The MscI-digested PCR product from parental RHΔKu80 parasites [hereafter referred to as "wild-type" (WT)] yields a single DNA fragment of 560 bp; however, two fragments of 340 and 220 bp are produced after allelic replacement (Fig. 1B) . We identified two independent clones containing the S71A knockin within the endogenous TgIF2α genomic locus, and both exhibited similar phenotypic properties described below.
To confirm that the TgIF2α-S71A clone was unable to be phosphorylated, a Western blot of lysates from parasites treated with the ionophore A23187 was carried out using antisera that specifically recognize TgIF2α phosphorylated at Ser-71 or total TgIF2α protein (7, 8) . Ionophore A23187 elicits ER stress and, consistent with our previous study, this ionophore is a potent inducer of TgIF2α phosphorylation in WT parasites (Fig. 1C ) (8) . By comparison, phosphorylation is absent in the TgIF2α-S71A mutant parasites (Fig. 1C) . These results confirm that we created a mutant version of Toxoplasma that cannot phosphorylate TgIF2α.
TgIF2α-S71A Parasites Exhibit Reduced Proliferation in Vitro. Our initial characterization of the TgIF2α-S71A parasites indicated that the mutants took longer to lyse monolayers of host cells compared with WT. To directly assess whether the mutant parasites had decreased fitness relative to WT, we performed "headto-head" competition assays (17) in which an equal number of WT and TgIF2α-S71A parasites were inoculated into the same culture flask of host cells, human foreskin fibroblasts (HFF) ( Fig.  2A) . We refined this comparative fitness assay to take advantage of TaqMan probes and real-time PCR as a means to distinguish between the WT (WT-TgIF2α-FAM) or mutant (S71A-TgIF2α-VIC) alleles of the TgIF2α gene ( Fig. 2A) . Genomic DNA was collected and examined at the time of parasite inoculation of the host cells (day 0) and then sampled again every 3 days. At day 0, the PCR analysis validated that equal numbers of TgIF2α-S71A mutant and WT parasites were present in the mixed culture, but by day 3 the mutant was significantly outgrown by the WT (Fig.   Fig. 1 . Generation of parasites containing nonphosphorylatable TgIF2α. (A) Diagram depicting the relevant portion of the TgIF2α genomic locus and the TgIF2α-S71A allelic replacement vector. The dark gray box denotes the beginning of the TgIF2α genomic locus, and the black box represents ≈2.4 kb of upstream sequence. The serine-71 codon (AGC) was mutated to an alanine codon (GCC), which created a unique MscI restriction site within the mutant allele. (B) The first exon of the TgIF2α gene was amplified from WT and TgIF2α-S71A parasites (PCR primers shown in gray in A). The resulting PCR product was digested with MscI and resolved by electrophoresis in 1% agarose gel (inverted image is shown for clarity). In a true allelic replacement, two products (340 and 220 bp) would be visualized instead of one (560 bp). (C) Equal amounts of protein lysates from WT or TgIF2α-S71A tachyzoites were resolved on a 4-12% polyacrylamide gel and transferred for immunoblotting with antibody that specifically recognizes TgIF2α phosphorylated at ser-71 (TgIF2α-P) or total TgIF2α protein. Equal numbers of WT and TgIF2α-S71A parasites (shown as white and black, respectively) were grown in mixed culture in a T25-flask (gray). Every 3 d the parasites were physically removed from the host cells and passed onto a fresh monolayer, and a portion was used for genomic DNA (gDNA) isolation. The gDNA was used as a template for a TaqMan-based fitness assay designed to distinguish WT and mutant parasites. This assay used two probes: WT-TgIF2α-FAM (white) was used to detect the WT allele, whereas S71A-TgIF2α-VIC (black) was used to identify the mutant (S71A) allele. (B) Percentage of WT and S71A mutant allele was determined using SDS software version 1.2.1 (Applied Biosystems) and plotted for each day sampled (white bars, WT; black bars, S71A). Error bars represent the SE from three replicate samples. (C) Parasites (10 4 ) were cultured in 12-well plates containing confluent HFF monolayers. Percentage of host cell lysis was evaluated at day 5, 6, and 7 by washing each well with PBS and staining the remaining host cells with Coomassie Brilliant Blue. A digital image of each well was recorded and analyzed using Alpha Innotech software to determine the percentage of the monolayer disrupted by WT vs. TgIF2α-S71A mutants, as represented by white or black bars, respectively. Data shown are from a single representative experiment performed three times with similar results. 2B). By day 9, the TgIF2α-S71A mutant parasites were no longer detectable in the HFF culture (Fig. 2B) .
We also performed a standard parasite growth assay that measures the disruption of the host cell monolayer over time. WT parasites lysed the host cell monolayer (≈90%) 6 d after inoculation, but an equal number of TgIF2α-S71A parasites only destroyed ≈18% of the host cells at day 6 (Fig. 2C) . By day 7, the mutant parasites had destroyed ≈90% of the host cell monolayer, 24 h slower than WT parasites. Together, these results indicate that TgIF2α phosphorylation is important for Toxoplasma tachyzoites to progress normally through host cell cultures.
TgIF2α-S71A Parasites Are Defective in Adapting to the Extracellular Environment. To determine the cause of the growth retardation of the TgIF2α-S71A mutant, we examined each step in the tachyzoite lytic cycle. Using a standard red/green attachment and invasion assay, we detected no difference in the ability of TgIF2α-S71A mutants to adhere or penetrate host cells (Fig. S1 ). We also found no defect in gliding motility (Fig. 3A) or the ability of TgIF2α-S71A parasites to exit from host cells upon ionophoreinduced egress (Fig. 3B) .
With no measurable defects in entering or exiting host cells, we considered two possibilities that were not mutually exclusive: (i) the TgIF2α-S71A mutants may be defective in asexual replication, and (ii) exposure to the extracellular environment constituted a stress that TgIF2α-S71A mutants are ill-equipped to withstand. To test these possibilities, we performed two independent types of parasite growth measurements: plaque assays and doubling assays. Previously we collected parasites in the HFF culture as they egressed, which could lead to differences in the time the tachyzoites resided outside the host cells in the medium. To obtain a homogenous parasite population that had nominal exposure to the extracellular environment, we physically separated intracellular parasites from their host. The freed tachyzoites were immediately passed onto a fresh HFF monolayer (0 h) or deprived of host cells by incubating in extracellular medium for 2, 4, or 8 h (Fig. 4A) . Without appreciable exposure to the extracellular environment consisting of DMEM plus 1% FBS (0 h), WT and TgIF2α-S71A mutants formed a near identical number of plaques, suggesting that the inability to phosphorylate TgIF2α has no appreciable impact on parasite replication. However, TgIF2α-S71A mutants were much more sensitive to being deprived of their host cells. Compared with WT, TgIF2α-S71A mutants showed a significant reduction in plaque numbers after an 8-h exposure to the extracellular environment (Fig. 4A) .
We next measured the doubling time of WT and TgIF2α-S71A mutant parasites that were passed immediately into fresh host monolayers (0 h extracellular exposure). Both grew at a similar rate during the 32-h time course (Fig. 4B) . As we observed in the plaque assay, the inability to phosphorylate TgIF2α compromises parasite recovery from the stress of extracellular exposure. WT parasites deprived of host cells for 8 h have an average number of 12 parasites per vacuole at 32 h after inoculation, whereas TgIF2α-S71A mutants only achieve an average of 7 parasites per vacuole (Fig. 4B) .
These studies suggest that TgIF2α becomes phosphorylated after egress to initiate a parasitic stress response that promotes survival until a new host cell can be invaded. Consistent with this idea, we found that phosphorylation of TgIF2α increases during prolonged exposure to the extracellular environment (Fig. 4C) . Furthermore, the type I (RH) parasites, which were used in this study, are considered to be a more robust Toxoplasma strain in vitro compared with a type II (Pru) strain. Interestingly, there was significantly greater TgIF2α phosphorylation in type I parasites compared with type II after exposure to the extracellular environment (Fig. 4C ). This suggests that there can be differences among Toxoplasma strains in the efficacy of the stress responses, which can account for the viability differences in in vitro analyses.
Because TgIF2α phosphorylation elicits repression of general protein synthesis, we measured translation levels by incubating extracellular WT and TgIF2α-S71A tachyzoites in medium containing [
35 S] Met/Cys radiolabel immediately after physical removal from host cells or after a 4-h exposure to the extracellular environment. Radiolabeled parasite proteins were then resolved by SDS/PAGE and visualized by autoradiography (Fig.  4D) . WT parasites showed a modest reduction in the level of radiolabeled protein compared with mutant TgIF2α-S71A parasites when these parasites were incubated with the [ 35 S] Met/ Cys radiolabel immediately after removal from host cells (Fig.  4D) . However, a 4-h incubation in the extracellular environment caused a significant reduction in radiolabeled protein in WT parasites relative to the TgIF2α-S71A mutant, consistent with the idea that TgIF2α phosphorylation leads to lowered translation. This translation measurement was carried out in parasites cultured in the extracellular medium in the absence of an added stress agent. When applied immediately after removal from host cells, we noted that there was no difference in 35 S uptake between WT and the TgIF2α-S71A parasites. However, there was a 60% reduction in the uptake of radiolabeled amino acids in both WT and mutant parasites after 4 h in the extracellular medium compared with those parasites analyzed immediately after harvesting. This finding suggests that extracellular Toxoplasma tachyzoites experience stress outside the host cells that normally elicits translational control. By not appropriately reducing protein synthesis, the TgIF2α-S71A parasites are unable to implement this core response pathway that is central for stress resistance. One source of this extracellular stress may be impaired transport processes that impair nutrient uptake.
Reduced Virulence of TgIF2α-S71A Parasites in Vivo. Because Toxoplasma incapable of phosphorylating eIF2α exhibit reduced fitness in vitro, we next addressed whether the TgIF2α-S71A mutant would have decreased virulence in vivo. To test this idea, we injected 100 WT or TgIF2α-S71A mutant parasites into female BALB/c mice immediately after the organisms egressed from human cell hosts or after a 4-h incubation outside the host Fig. 3 . Toxoplasma motility and egress in TgIF2α-S71A mutants. (A) WT and TgIF2α-S71A mutant parasites were allowed to adhere and glide along a glass coverslip for 30 min. The parasites and surface protein "trails" were detected with mouse anti-Sag1. The percentage of parasites with trails was plotted for both WT parasites (gray) and the TgIF2α-S71A mutant (black). The number of ΔKu80 or TgIF2α-S71A parasites with trails was recorded from a minimum of six independent microscope fields. (B) WT and TgIF2α-S71A parasites were cultured in a monolayer of HFF cells overnight. To induce egress, the infected monolayers were exposed to 2 μM A23187 for 0, 0.5, 1, 2, 3, or 4 min. After each time interval, parasites were fixed with cold methanol, and the percentage of egress was calculated for both WT (black boxes) and TgIF2α-S71A parasites (white circles), recorded from 10 random microscope fields.
cells. In this model for acute toxoplasmosis, hypervirulent RH strain Toxoplasma typically produces a moribund mouse in ≈7 d (168 h). The course of infection was very similar for each animal in its designated group, and all animals within that group were moribund at the same time. In our study, mice infected with WT parasites immediately after physical removal from host cells become moribund at 147 h, but mice infected with TgIF2α-S71A parasites showed a 26-h delay, not becoming moribund until 172 h (Table 1) . Furthermore, animals injected with WT parasites that were maintained outside host cells for 4 h became moribund at 164 h, whereas animals infected with the TgIF2α-S71A parasites became moribund after 197 h, a delay of 33 h. Additionally, the mean parasite body burden was determined to assess parasite doubling time in vivo. WT parasites had a doubling time of 8.7 h when injected into mice immediately after egress, compared with a 9.9-h doubling time for the TgIF2α-S71A mutant ( Table 1) . The doubling time of the WT parasites increased by 0.6 h to 9.3 h after the 4 h extracellular incubation. The TgIF2α-S71A mutant doubling time increased significantly (nearly 2 h), from 9.9 h to 11.8 h after a 4-h exposure to the extracellular environment (Table 1) . These results indicate that the TgIF2α-S71A parasites also have reduced virulence in an animal model of infection.
Discussion
Eukaryotic cells have evolved mechanisms to tolerate stresses encountered in their environments. A well characterized stress . The SDS/PAGE was stained with Coomassie Brilliant Blue to confirm equal protein loading (Lower). Translation levels were calculated using densitometry values of radiolabeled protein from WT parasites relative to the TgIF2α-S71A mutant. It is noted that uptake of the radiolabeled amino acids in both the WT and mutant parasites was reduced by 60% after 4 h in the extracellular medium, compared with that measured at 0 h. This explains, in part, the lowered levels of radiolabeled proteins in the TgIF2α-S71A parasites at 4 h vs. 0 h. Consequently, we compared WT protein synthesis with mutant at each time point in the accompanying histogram. *P < 0.05. BALB/c mice were injected with 100 WT or TgIF2α-S71A parasites immediately after harvesting or after a 4-h incubation in extracellular medium. The time to moribund state and parasite body burden at the moribund state was recorded for each infected animal.
response pathway conserved from yeast to humans centers on the phosphorylation of eIF2α, which reduces translation initiation and provides the cell with time to reprogram its genome to alleviate damage resulting from an insult. We and others have found this stress response to be conserved in early-branching protozoa, including parasitic species such as the Apicomplexa and kinetoplastids (7, 10, 18) .
Here we describe a unique function for eIF2α phosphorylation in the obligate intracellular protozoan, Toxoplasma, which centers on the ability of the parasite to survive without the resources and shelter supplied by its host cell. This study shows that without eIF2α phosphorylation, tachyzoites have a diminished capacity to remain virulent the longer the parasites are deprived of host cells. The decrease in virulence as a result of not being able to phosphorylate eIF2α is also seen when the mutant parasites are used in the mouse model of acute toxoplasmosis. The data indicate that intracellular parasites are stressed when outside of a host cell, and a key part of managing this extracellular stress involves translation control mediated by the phosphorylation of eIF2α. Consistent with this idea, we found that type I RH strain parasites exhibit more robust TgIF2α phosphorylation compared with type II parasites exposed to the extracellular environment (Fig. 4C ). It has recently been shown that the laboratory RH strain used here survives outside of host cells longer than type II strains (3). The ability of RH strain to elicit a faster and stronger eIF2 kinase stress response upon egress may help explain why RH strain is hardier in vitro and in vivo relative to type II strain.
There are four eIF2 kinases encoded in the Toxoplasma genome, designated TgIF2K-A through -D. TgIF2K-A possesses a transmembrane domain and was found to be localized to the parasite ER (8) . Upon treatment with ER stress agents, TgIF2K-A is released from its association with BiP, suggesting shared activation mechanisms with those described in yeast and mammals (14) . TgIF2K-B is a cytosolic eIF2 kinase lacking homology to previously characterized eIF2 kinases (8) . TgIF2K-C and -D are less well characterized but resemble GCN2, an eIF2 kinase that is documented to respond to nutrient deficiency. Which of the TgIF2Ks is involved in phosphorylating TgIF2α when parasites are exposed to extracellular stress encountered by Toxoplasma is currently not clear. The nature of the extracellular stress could be the absence of the host cell protecting or buffering the parasite from deficiencies in nutrients or metabolites, or it could be a range of damaging environmental insults. Consistent with this idea, we found that uptake of the radiolabeled amino acids was reduced after 4-h exposure to extracellular stress. Reduced translation by phosphorylation of TgIF2α may allow Toxoplasma to conserve resources and give the parasite time to reconfigure gene expression to circumvent the extracellular stress. We note that Toxoplasma does not possess basic leucine zipper transcription factors, such as ATF4, which are preferentially translated in response to eIF2α phosphorylation in mammalian cells (19, 20) . Presently, the only transcription factors identified in Apicomplexa resemble the AP2 domain family described in plants (21, 22) . It is inviting to speculate that alternative regulators, such as the AP2 factors, may be the targets for preferential translation in these parasites.
In addition to the rapid proliferation of tachyzoites, pathogenesis of Toxoplasma also involves the ability of the tachyzoites to differentiate into bradyzoites. Bradyzoites form a tissue cyst that can remain in the host organism for life. During immunosuppressive conditions, the bradyzoites can reemerge as an acute tachyzoite infection. Consistent with their quiescent nature, latent bradyzoites maintain TgIF2α in its phosphorylated state, and it was suggested that this stress response may also function to lower protein synthesis and conserve resources in the dormant parasitic cyst (8) . The TgIF2α-S71A mutant was created in the hypervirulent RH type I strain of Toxoplasma; although well suited to study the proliferate stage, the strain has largely lost its ability to develop into bradyzoites in vitro and in vivo (3) . To further examine the role of TgIF2α phosphorylation in bradyzoites, it is important to generate the TgIF2α-S71A mutant in type II strain Toxoplasma. Such a mutant is likely to prove challenging to generate because type II strains grow more slowly and are less amenable to genetic manipulation than type I strains.
In addition to our previous observation that phosphorylated TgIF2α accumulates in latent bradyzoites, this study shows that TgIF2α phosphorylation is also important during the tachyzoite lytic cycle, specifically during the critical time when the parasite is without a host cell. Therefore, pharmacological targeting of the TgIF2α stress response pathway promises to have multiple benefits in fighting both acute and chronic forms of toxoplasmosis. It would be of great interest to assess whether eIF2 phosphorylation and translation control also contribute to the survival of other intracellular pathogens during the times in their life cycle when they are outside of host cells.
Methods
Allelic Replacement Vector for TgIF2α-S71A. To generate the allelic replacement construct, two fragments (−26,00 bp to −1,411 bp and −1,238 bp to +440 bp) were amplified and inserted on opposing ends of the CAT minigene cassette within the pminCAT/HXGPRT+ vector, as illustrated in Fig. 1A (23). The ≈1.2-kb 5′ TgIF2α flanking sequence (−2,600 bp to −1,411 bp) was inserted between the NotI and BamHI sites using the oligonucleotides "5′S71A for + NotI" and "5′S71A rev + BamHI." Sequences for primers used for this study are in Table S1 . The 3′ TgIF2α flanking fragment (−1,238 bp to +440 bp), which includes the entire first exon of TgIF2α as well as ≈1.2 kb of upstream sequence, was inserted into the BclI site of the construct described above. A point substitution was generated to change Ser71 to Ala71 using the QuikChange XL mutagenesis kit (Stratagene) and the oligonucleotides "TgIF2α S71A quikchange 1F" and "TgIF2α S71A quikchange 1R."
Generation of TgIF2α-S71A Mutant Parasites. Twenty-five micrograms of the TgIF2α-S71A allelic replacement vector was linearized with NotI and transfected into RH strain ΔKu80 parasites (15, 16) as previously described (23) . Parasites were cultivated in confluent monolayers of HFF under standard conditions (DMEM plus 1% FBS in a humidified incubator at 37°C with 5% CO 2 ). Transgenic parasites were selected in 20 μM chloramphenicol and cloned by limiting dilution. Parasite clones were screened by immunoblot analysis of the phosphorylation status of TgIF2α phosphorylation after stress with 5 μM A23187 for 1 h (8). Positive clones were confirmed independently using a PCR-based approach: replacement of the Ser71-encoding nucleotides with those that encode Ala71 creates a unique MscI restriction site. The designated portion of the TgIF2α locus was amplified using "S71A screen for" and "S71A screen rev" and digested with MscI (Fig. 1A) . Clones with the S71A substitution yield two bands of 340 and 220 bp, whereas the parental strain yields a single 560-bp band.
TgIF2α Phosphorylation Detection and Protein Radiolabeling. Phosphorylation of TgIF2α was monitored by Western blotting performed as described by Narasimhan et al. (8) . Intracellular parasites were released from HFF host cells by physical disruption (scraping and/or syringe passage) and purified by filtration through 3-μm polycarbonate filters (23). The purified extracellular parasites were incubated in DMEM containing 1% FBS at 37°C under 5% CO 2 for the designated length of time. Fifty micrograms of protein lysates were separated by electrophoresis using a 10% Bis-Tris acrylamide gel (Invitrogen). Proteins were transferred to nitrocellulose membranes and probed with either rabbit anti-TgIF2α antibody (diluted 1:10,000) or phospho-specific (Ser71) TgIF2α antibody (diluted 1:500) followed by an anti-rabbit IgGhorseradish peroxidase conjugate (GE Healthcare) (7, 8) . Total and phosphoTgIF2α was visualized using an ECL Western blotting substrate (Pierce).
In experiments in which parasites were radiolabeled, equal numbers of extracellular tachyzoites were resuspended in labeling media, DMEM without L-methionine, L-cysteine, L-glutamine, or sodium pyruvate (Invitrogen #21013-024) supplemented with 5% FBS, 1 mM L-glutamine, and 0. 35 S]cysteine (PerkinElmer Life Sciences) was added to the sample and incubated for 1 h. Samples were washed twice in PBS, and a portion was counted to determine the uptake of the radiolabeled amino acids, as previously described (8) . Although there was no difference in 35 S uptake between WT and the TgIF2α-S71A parasites, there was a 60% reduction in the uptake of radiolabeled amino acids after 4 h in the extracellular medium compared with those parasites analyzed immediately after harvesting. Parasites were resuspended in lysis buffer and sonicated. Equal amounts of total protein from each lysate preparation were separated by SDS/PAGE, and radiolabeled proteins were visualized by autoradiography. Additionally, the SDS/PAGE gel was stained with Coomassie Brilliant Blue to confirm equal protein loading. Translation levels were calculated using densitometry values of radiolabeled protein from WT parasites relative to the TgIF2α-S71A mutant. Results are presented as means SE that were derived from three independent experiments. Student's t test was used to determine statistical significance.
Competitive Parasite Fitness Assay Using TaqMan Probes. The comparative fitness assay was based on a protocol outlined in ref. 17 . After filter purification, 5 × 10 5 parental ΔKu80 (WT) and TgIF2α-S71A mutant parasites were mixed in 10 mL DMEM + 1% FBS and added to a T-25 cm 2 flask containing a monolayer of HFF host cells. A sample of the mixed parasites was collected every 72 h for a total of 9 d. At each time point, 10 5 parasites were used to infect a fresh HFF monolayer. Genomic DNA was isolated from each parasite sample using the DNeasy kit (Qiagen). TaqMan-based allelic discrimination assay was performed using forward and reverse oligonucleotides "TgIF2α TaqMan for" and "TgIF2α TaqMan rev" and a combination of probes used to identify the WT or mutant allele ("FAM-WT TgIF2α" and "VIC-TgIF2α-S71A," respectively). PCR reactions were performed in triplicate using the 7500 RealTime PCR System and analyzed with relative quantification software (SDS software, version 1.2.1; Applied Biosystems).
Parasite Growth Assays. Toxoplasma doubling assays were performed as previously described (24) . Intracellular ΔKu80 and TgIF2α-S71A parasites were physically removed from host cells by syringe passage. A total of 10 5 of each were immediately applied to a fresh monolayer of HFFs grown on coverslips (0 h), or incubated in culture media at 37°C with 5% CO 2 in absence of host cells for 4 or 8 h before infection. The number of parasites per vacuole was visualized every 8 h by immunofluorescence assay using the DNA intercalator DAPI. Experiments were carried out in triplicate using separate biological samples. Toxoplasma growth in culture was also evaluated by a standard plaque assay (23) . Five hundred ΔKu80 or TgIF2α-S71A mutant parasites were allowed to infect an HFF monolayer; the degree of host cell lysis was evaluated on day 5-7 using Coomassie Brilliant Blue staining. In some cases, the number of plaques was counted. Alternatively, the area of clearing representing the degree of monolayer disruption was determined using an Alpha Innotech Imaging system. Experiments were carried out in triplicate using separate biological replicates. Results from a single representative experiment are shown.
Lytic Cycle Assays. The red/green adhesion and invasion assay was carried out as previously described (25) . To evaluate Toxoplasma motility, 10 5 ΔKu80 or TgIF2α-S71A parasites were allowed to glide along a poly-L-lysine-coated coverslip for 30 min. Adhered parasites and surface protein trails were detected with a mouse anti-Sag1 immune serum as previously described (26) . The number of ΔKu80 or TgIF2α-S71A parasites with trails was recorded from a minimum of six independent microscope fields. Parasite egress assays were performed as previously described (27) .
Animal Studies. Female BALB/c mice (18-20 g) were injected i.p. with 100 ΔKu80 or TgIF2α-S71A parasites (at least eight mice per group) harvested immediately after egress from HFF cells or after a 4-h incubation in culture media. Animals were monitored twice daily until significant illness was observed, at which time the moribund animals were killed. Time to moribund state was recorded for each infected group of mice. To assess parasite burden at harvest, peritoneal fluid was removed and organism content was determined by direct counting (28) . Knowing the original inoculum and the total number of organisms recovered per mouse, the time of infection was used to calculate a doubling time based on an exponential model of growth.
